Summary The consensus views on osteoporosis in men are reported. Introduction A workshop was convened within a meeting on osteoporosis in men to identify areas of consensus amongst the panel (the authors) and the participants of the meeting. Methods A public debate with an expert panel on preselected topics was conducted.
Introduction
The 5th International Conference on Osteoporosis in Men was held in Genoa, 23-25 September 2010, during which a workshop on 'diagnostic and therapeutic controversies in male osteoporosis' was held. The aim of the workshop was, in part, not only to recognise the uncertainties but also to identify areas of consensus amongst the panel (the authors) and the participants of the meeting. The findings are summarised below.
Diagnosis of osteoporosis in men
The operational definition of osteoporosis is based on the T-score for bone mineral density (BMD). A threshold Tscore of −2.5 SD or less, provided by a WHO report, is now a well-accepted threshold [1, 2] . A strength of this diagnostic threshold as a reference standard has been the fashioning of a common approach to describe the disease. Developments since 1994, however, have eroded its value. These include the introduction of many new technologies for the measurement of bone mineral, the plethora of skeletal sites available for assessment and an increased understanding of osteoporosis in men (not provided for in the WHO report).
The T-score varies in the same individual according to the skeletal site measured and the technique used. It is also critically dependent on the reference data used to describe the value in young healthy individuals and the variance of the measurements in the reference population. For these reasons, the WHO and IOF have supported the use of a single reference population (the NHANES III, women aged 20-29 years), a single reference site (the femoral neck) and a single technology (DXA) [3, 4] . Thus, osteoporosis in men would be defined as a BMD value at the femoral neck that was 2.5 SD or more below the average value of young healthy women (the NHANES III values). This view, supported by the meeting and panellists, was based on the clinical observations summarised below.
The appropriateness of uniform thresholds for men and women depends upon gender-specific clinical correlates of BMD and fracture outcomes. The many studies that have examined fracture risk in men and women have come to disparate conclusions concerning the relationship between fracture risk and BMD [5] [6] [7] [8] [9] . There are several reasons for these discrepancies: Firstly, the relation between BMD and fracture risk changes with age [5, [10] [11] [12] [13] , so with that, age adjustment is required. Second, a difference between sexes in the gradient of risk (relative risk per SD decrease in BMD) could be the result of differences in the SD of measurements [6] . Third, data derived from separate male and female populations or from referral populations of osteoporotic men and women [7, 11] are likely to be biased.
These problems can be avoided by sampling populations at random and expressing risk as a function of BMD or standardised T-scores and with age adjustment. There are two components of risk that need to be addressed. The first is whether there are differences in the gradient of risk (the increase in fracture risk for each unit decrease in BMD) between men and women. The second is to determine whether there are differences in absolute risk between men and women for any given BMD.
The gradient of risk has been examined most extensively in a meta-analysis of the primary data from 12 populationbased cohorts comprising 39,000 men and women [8] . The gradients of risk conferred by femoral neck BMD were highest for hip fracture, intermediate for osteoporotic fracture and lowest for any fracture. There was however, no difference in the gradient of risk between men and women for any of these fracture outcomes. Although gradients of risk are similar between men and women, absolute risks may differ. The comparative studies available show that the risk of hip fracture (and all osteoporotic fractures combined) is similar in men and women for any given absolute value for BMD measured mainly at the hip [8, 9, 12, [14] [15] [16] . In the meta-analysis described above, the relationship between hip fracture incidence and BMD at the proximal femur was identical in men and women at any given age (Fig. 1) . These studies indicate that a similar cutoff value for femoral neck BMD that is used in women should be used in the diagnosis of osteoporosis in men. The use of female-rather than male-derived thresholds affects the apparent prevalence of osteoporosis, but the effect is modest. In Sweden, for example, the prevalence of osteoporosis in men is 2.4% at the age of 50 years and rises to 14% at the age of 80 years. When the NHANES III reference values for men are used, the apparent prevalence is 2.8% and 15.4%, respectively [17] .
This recommendation should not be taken to infer that the use of other techniques or other sites does not have clinical utility for the management of patients where they have been shown to provide information on fracture risk. Nor should it be assumed that femoral neck BMD provides the same information in men and women for all fracture outcomes other than for hip fracture or all fractures combined. Although the implementation of probabilitybased fracture risk assessment (e.g. FRAX) will decrease the clinical utility of the T-score, diagnostic criteria remain of value in quantifying the burden of disease and the development of strategies to combat osteoporosis in the foreseeable future. The standardisation of the T-score and its uniform application in men and women will assist these goals.
Qualities of bone in men
Fracture is the result of failure of the material composition and the structural design of bone to tolerate the loads imposed upon it [18] . These properties, or bone 'qualities', are compromised with the emergence of age-related abnormalities in bone modelling and remodelling, the 
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Incidence (rate/100,000) Fig. 1 The age-adjusted incidence of hip fracture in men and women according to the T-score for femoral neck BMD in the cohorts used to construct FRAX. Derived from the data reported in [8] cellular machinery responsible for the attainment of peak bone strength during growth and its maintenance during adulthood [19, 20] . The abnormalities contributing to material and structural decay are (1) a negative bone balance produced by each basic multicellular unit (BMU) in both sexes [21] , (2) a sustained increase in remodelling intensity in midlife in women but not in men [22] unless frankly hypogonadal [22, 23] , (3) reduced periosteal apposition after completion of longitudinal growth in both sexes [24] and (4) secondary hyperparathyroidism in both sexes. However, the most important cause of bone loss is the increase in the intensity of bone remodelling on the trabecular, intracortical and endocortical bone surfaces. The high intensity of remodelling upon trabecular surfaces is likely to contribute to the complete loss of trabecular plates and loss of connectivity in women. By contrast, trabecular bone loss proceeds mainly by thinning in men [25] . Remodelling on intracortical surfaces results in intracortical porosity, particularly in cortex adjacent to the marrow cavity, trabecularisation of the endosteal cortex and a decrease in cortical width [26] . The effect is likely greater in women than in men [27, 28] . Periosteal apposition slows after completion of growth [29] . Some, but not all, studies suggest that men have greater periosteal apposition than women [30, 31] . Cross-sectional studies are confounded by sex-specific secular trends in growth [32] .
In addition to the changes in trabecular and cortical morphology, abnormalities in bone remodelling produce changes in bone 'qualities' at higher levels of resolution. In some studies for example, advancing age is associated with a reduction in osteonal size [33] [34] [35] , accompanied by an increase in Haversian canal diameter due to the reduced bone formation by each BMU [33] . Smaller osteons result in less resistance to crack propagation through interstitial bone [36] . Also, smaller osteons give rise to a greater proportion interstitial (rather than osteonal) bone which has a higher tissue mineralization density and fewer osteocytes and is liable to accumulate and offers less resistance to crack propagation [37] . These phenomena are likely to occur in both sexes, but in women, osteonal density (the number per unit volume) may increase because of the high intracortical remodelling; the osteons are smaller but there are more of them. This may protect against the deleterious effect of a higher amount of interstitial bone.
Abnormalities in the material properties of bone are reported in women [38] [39] [40] [41] , but little is known of these properties in men.
Sex differences in bone size are often cited as contributing to the lower incidence of fractures in men than women, but men also have larger muscle mass and higher body weight, so that compressive stress (load/area) is similar in young adult men and women [42] . This notion is also difficult to reconcile with the observation that Asians have a smaller skeleton yet lower fracture rates than Caucasians and that women with hip fractures have larger femoral neck diameter than controls. Men and women have similar cortical thickness which confers a greater cortical area in men (because their bones have a larger perimeter). Peak trabecular number and thickness is similar in men and women at the iliac crest and vertebral bone. Some studies report men have thicker trabeculae at the distal radius which may be more resistant to perforation.
Reasons for sex differences in bone fragility are likely to be multifaceted. These include sex differences in trabecular morphology (thinning in men and perforation in women), less cortical porosity, endocortical remodelling and thinning in men than in women, particularly and possibly greater periosteal apposition in men than in women. Other factors that may contribute to sex differences in bone fragility but require further study include differences in osteonal morphology, tissue mineralisation and matrix composition.
Against this background, it is perhaps surprising that for any given bone mineral density measured by DXA at the femoral neck, the hip fracture risk is similar in men and women. The sexual dimorphism described above suggests that this may not be true for other sites of BMD measurement and other fracture outcomes. Rather, the phenomenon may be a fortuitous artefact occasioned by the larger bone size of men and areal nature of the measured density. Ultimately, the hope is that understanding the major determinants of differences in strength will give rise to new technologies to be used in combination or in addition to DXA.
Therapeutic issues in male osteoporosis
Agents approved by the US FDA for the treatment of osteoporosis in men are fewer compared to those approved for women (Table 1 ). The clinical trials that have led to the registration of these drugs for women have typically been based upon large multinational trials. These trials have been randomised and placebo-controlled with well-designed fracture end points. Fracture efficacy in all cases has been demonstrated at the spine and less consistently at nonvertebral sites.
Clinical trials that have led to the registration of these agents in men differ in a number of ways. First, the numbers of male subjects are small relative to the thousands of postmenopausal women who have been studied. Indeed, in phase III studies, the proportion of men who constitute the database of results of these clinical trials was only about 10% [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] . The clinical trials in men were conducted and reported several years after the definitive trials in women. Rather than fracture efficacy as the end point, the clinical trials in men have, with the occasional exception [55, 56] , used surrogate markers such as BMD and, at times, markers of bone turnover. The use of these surrogate markers are based upon the principle of therapeutic equivalence. For example, if treatment-induced changes in BMD over the same period of time do not differ from the changes seen in postmenopausal women, then the expectation is that the fracture end point would also be the same. Figure 2 shows an example of the equivalence teriparatide in men and women using BMD as the equivalence parameter. Over the 11 months of the clinical trial of teriparatide in male osteoporosis, the increase in BMD was virtually identical to the increase in bone mineral density in the registration trial for women [46, 47] .
The use of equivalence studies with a focus on surrogate markers for the fracture end point relies upon an assumption that the surrogate markers predict accurately the end point. It is important to recognise, however, that increases in bone mineral density account, in general, for less than 50% (4-30%) of the variance in fracture reduction. There is, thus, an inherent uncertainty about using endpoints other than the fracture end point.
Other points are noteworthy with regard to the equivalence concept. First, clinical trials in men have been conducted separately from the clinical trials in women. Second, the pathogenesis of osteoporosis in men is not necessarily the same as it is for women. If underlying abnormalities are different between men and women, the premise that similar changes in surrogate markers will predict fracture reduction equally well, could be challenged. Based in part on this uncertainty, sensitivity to the therapeutic agent might differ even though changes in the surrogate marker might be similar.
Although these caveats are potentially important, it is noteworthy that the responsiveness of drugs approved for postmenopausal and men appear to show similar results with regard to the end points that have been monitored, including a limited data base on fracture outcomes. Since osteoporosis in men now constitutes a sizable proportion of all persons with bone fragility, it seems reasonable to suggest that future trials should include larger numbers of male subjects and also that the endpoints to be defined in women are applied similarly to men. Indeed, there is a case for the inclusion of men and women together in the design of phase III studies [57] .
The use of non-skeletal factors in the assessment of fracture risk
Physical function tests, fall risk and fractures
Fractures occur because force exerted on bone exceeds its strength. Hence, it is to be expected that estimates of both bone strength and of trauma (usually a fall) are associated with fracture risk, and indeed, there is abundant evidence that both are true in men and in women [58] [59] [60] . Whereas assessments of bone strength (usually DXA) are routinely 
The strong association between lower levels of physical performance and fracture risk suggests that the inclusion of one of these assessments should be recommended in the routine diagnostic evaluation of osteoporosis in men. On the other hand, doing so assumes that there is some practical benefit to be derived from gathering the information in terms of interventions that could reduce the risk of fracture. Whereas exercise programmes have been shown to reduce fall risk in the frail elderly [62] , the benefits for fracture prevention are less clearly documented. It is nevertheless a reasonable assumption that physical therapy programmes should have beneficial effects on fracture risk. In addition, evidence suggests that correction of vitamin D deficiency may reduce fracture risk in part because of a reduction in falls [62, 63] . Whether pharmacological therapies used to increase bone strength (e.g. bisphosphonates, teriparatide) can be used to reduce fractures in men who are at risk of falls is untested, and in women, the evidence is equivocal [64] .
Obesity and fractures
Individuals with higher body mass index (BMI) have been considered to be at lower risk of fracture and those with low weight are consistently noted to have a higher incidence of fracture [65] . To some extent, this may be because BMD is positively associated with BMI, thus perhaps providing an increase in bone strength and fracture resistance even when fall forces may be higher due to greater body mass. Most studies of the effect of BMI on fracture risk have considered cohorts that are not particularly obese [65] .
Unfortunately, obesity is increasingly prevalent in many Western societies. In the USA, the majority of the adult male population is overweight or obese [66, 67] and very few are of low weight. It is perhaps surprising that most studies of the impact of BMI on fracture rates have not studied obese populations. Recent results from MrOS show that whereas men of normal weight have a slightly lower risk of hip and other non-vertebral fractures than the overweight or moderately obese, most fractures (>60%) occur in overweight and obese men [68] . In large part, that is because most men are overweight or obese; so, despite their slightly lower overall risk of fracture, the larger number of fractures occur in this segment of the population. But also, the most obese men are actually not protected from fracture (their fracture risk is as high as in normal weight men, and when adjusted for BMD, their fracture risk is considerably higher (fivefold higher) than men with normal BMI [68] . Many obese men have a lower BMD than would be predicted from their BMI so they are not protected. In addition, the MrOS analysis suggested that poor physical function, and thus perhaps a greater risk of falls, contributes to the increased risk in the most obese [68] . Finally, regardless of weight, hip tissue thickness does not seem to protect men from hip fracture as it may in women [69] , probably because there is a sex difference in weight distribution (more truncal obesity in men) and the tissue thickness over the hip is usually much less in men than in women [69] .
These data are important because there is little recognition of the public health importance of fractures in the obese and clinical approaches to fracture risk assessment in the obese are not well developed. As a result, many clinicians are not aware of the potential for fractures in overweight and obese men and may indeed believe them to be at very low risk. Thus, diagnostic and therapeutic measures may not be adequately provided.
More data are needed about this issue, but we recommend that clinicians be aware of the importance of fractures in overweight and obese men, that appropriate assessment of fracture risk be undertaken in men regardless of weight and that interventions to prevent fractures be offered in overweight/obese men when appropriate. Physical therapy may be useful in the presence of reduced physical performance. The appropriateness of recommending weight loss is unknown.
Pathophysiology of osteoporosis in men
There are three predominant factors that contribute to bone fragility in men: genetic factors, alterations in sex steroid levels and diseases causing secondary osteoporosis [70] . The vast majority of studies addressing the genetic contributions to bone mass and fracture risk have been done in women; however, evidence suggests that the genetic determinants of bone mass may not be identical in women and in men. For example, Peacock et al. [71] measured spine and hip BMD in 515 pairs of brothers, aged 18-61 years, and performed linkage analysis in this sample which was compared with results in a previous sample of 774 sister pairs in order to identify possible sex-specific quantitative trait loci (QTLs). In the analysis in men, the investigators identified significant QTLs (LOD>3.6) for BMD on chromosome 4q21 (hip), 7q34 (spine), 14q32 (hip), 19p13 (hip), 21q21 (hip) and 22q13 (hip). In comparing the female data, the QTLs on chromosomes 7, 14 and 21 were male specific, whereas the others were not. Collectively, these data highlight the complexity of the genetics of a trait such as BMD, as well as the fact that the genes determining BMD are likely, at least partly, to be gender specific.
There is compelling evidence that declining levels of bioavailable estrogens (non-sex hormone binding globulin [SHBG]-bound) levels with age contribute to bone loss and fracture risk in men [70, 72] . Previous work has demonstrated that oestrogen plays an important, and perhaps dominant, role in regulating bone density [73] , bone resorption [74, 75] and bone loss [76, 77] in elderly men as well as in the acquisition of peak bone mass and in the pathogenesis of idiopathic osteoporosis in young men [78] . In addition, there appeared to be a threshold serum estradiol level below which the male skeleton became oestrogen deficient [76, 79] . The most definitive data addressing this issue have come from the MrOS cohort. Mellstrom et al. [80] analysed sex steroids using gas chromatography-mass spectroscopy in 2,639 elderly men (mean age, 75 years) from the Swedish arm of MrOS and evaluated fractures over a mean follow-up period of 3.3 years. In multivariable proportional hazards regression models, free estradiol and SHBG, but not free testosterone, were independently associated with fracture risk. In further sub-analyses, free estradiol was inversely associated with clinical vertebral fractures (hazard ratio (HR) per SD decrease, 1.57; 95% confidence interval (CI), 1.36-1.80), non-vertebral osteoporotic fractures (HR per SD decrease, 1.42; 95% CI, 1.23-1.65) and hip fractures (HR per SD decrease, 1.44; 95% CI, 1.18-1.76). Furthermore, and consistent with a threshold effect, the inverse relation between serum estradiol and fracture risk was non-linear (Fig. 3) . Specifically, the yearly incidence of fractures was inversely associated with serum estradiol levels at estradiol levels less than 16 pg/ml; above this level, there was no relationship between fracture incidence and estradiol levels.
These findings also have potential clinical implications. First, from a diagnostic standpoint, measurement of serum sex steroid levels, particularly estradiol levels, in men with osteoporosis may be useful. However, this has to await further evaluation following standardisation of sex steroid assays, likely using mass spectroscopy. Second, these data strengthen the rationale for assessing the use of selective oestrogen receptor modulators (SERMs) in preventing bone loss in ageing men. Third, these findings raise potential concerns about the utility of non-aromatisable selective androgen receptor modulators (SARMs) in preventing bone loss in men, since to the extent that the major sex steroid effect on bone is mediated by oestrogen, these nonaromatisable compounds may have minimal skeletal effects, at least in humans. Nonetheless, SARMs may be useful in enhancing muscle strength and reducing fall risk, and have anti-fracture effects through these non-skeletal actions.
There are also a number of possible secondary causes of secondary osteoporosis in men that may be superimposed on underlying age-related bone loss. Indeed, in some series, secondary causes may account for, or contribute significantly to, up to 40% of the cases of osteoporosis in men [81] . The three major causes of secondary osteoporosis in men are alcohol abuse, glucocorticoid excess (either endogenous or, more commonly, chronic glucocorticoid therapy) and overt hypogonadism, with the latter increasingly due to hormonal suppressive therapy for the treatment of prostate cancer [82] . Of these, glucocorticoid-induced osteoporosis is the most common cause of secondary osteoporosis in men. Other causes of secondary osteoporosis (discussed in detail elsewhere [83] should be considered and ruled out in the appropriate clinical context.
The use of testosterone in men
In hypogonadism before puberty with failure of timely and full pubertal development, and thus suboptimal androgen and oestrogen exposure, osteoporosis results from deficient accretion of bone mass and size. The potential reversibility by restoring normal serum testosterone levels is dependent on the stage of skeletal maturation.
Acquired profound hypogonadism in adulthood induces a state of high bone turnover with accelerated bone loss and increased fracture risk [84] [85] [86] [87] , which results from com- Serum estradiol (pg/ml) Fig. 3 Yearly incidence of fractures as a function of serum estradiol levels in men from MrOS Sweden. Poisson regression models were used to determine the relation between serum estradiol levels and fracture risk. Reproduced from Mellstrom et al. [80] , with permission of the American Society for Bone and Mineral Research bined deficiency of testosterone and oestradiol-the main aromatisation product of testosterone [74, 79, 88] . Profound hypogonadism is usually symptomatic with a broad spectrum of adverse effects on health and quality of life. For this reason, symptomatic hypogonadism is considered an indication for testosterone substitution at all ages, unless there are specific contra-indications [89] . Observational data indicate that treatment with testosterone will reduce bone turnover and prevent further bone loss, and even increase BMD, at least in some patients. Effects on fracture risk have not been assessed [70, 88, 90] . In the case of low serum testosterone due to long-term treatment with systemic glucocorticoid administration, few data are available showing beneficial effects of testosterone treatment on BMD [91] . Considering the now wellestablished role of oestradiol in the regulation of bone homeostasis [79] , treatment with non-aromatisable androgens should not be assumed to ensure adequate protection against bone loss. In view of the lack of documentation of anti-fracture efficacy of testosterone, treatment of osteoporosis should include established osteoporosis treatments whether or not on testosterone substitution. Similarly, in men with profound hypogonadism due to androgen deprivation therapy for prostate cancer, treatment with testosterone is contra-indicated. In such cases, established antiresorptive osteoporosis medication such as SERMs, bisphosphonates and denosumab can effectively reduce bone turnover, prevent bone loss [92] [93] [94] [95] and reduce fracture risk [56] .
Ageing is accompanied by progressive moderate decrease in the population mean serum concentration of testosterone. A marked age-related increase of serum sex hormone-binding globulin (SHBG) levels is also found, which results in a decrease in the non-SHBG-bound fractions of testosterone available for biological action, i.e. decreased free and bioavailable testosterone, as well as a moderate decrease of free and bioavailable oestradiol [95] . With ageing, there is an increasing prevalence of men with serum (free, bioavailable) testosterone levels that lie below the range for young men. Ageing in men is, on the other hand, accompanied by increasing prevalence of signs and symptoms, including osteoporosis, that are reminiscent of those observed in young hypogonadal men, but which in the elderly are at most only in part related to the decline of testosterone production. The minimal testosterone needs in the elderly are not established and, moreover, are likely to vary between individuals and depending on the target tissue under consideration. Thus, with age, both low serum testosterone and symptoms and signs consistent with hypogonadism become increasingly prevalent but also less specific [95] . In this elderly population, effects of testosterone treatment on BMD have been inconsistent [70, 88, 95, 96] , with the most convincing effects being observed in men with very low serum testosterone [97, 98] . In elderly men, testosterone treatment may have additional beneficial effects on muscle mass and strength, which may help decrease fracture risk through a reduced propensity to fall. Nevertheless, the effect of testosterone treatment on fracture risk is unknown and the long-term risk-benefit ratio of prolonged treatment in elderly men is not established. The potential adverse effects on haematocrit, prostate and cardiovascular risk require appropriate alertness [89, 99, 100] . By contrast, treatment with bisphosphonates and teriparatide has been shown to be effective in men with low baseline serum testosterone in subgroup analysis of clinical trials of treatment [43, 47, 51] .
In this context, hypogonadism in older men requires a conservative approach and testosterone treatment should be considered only for men with frankly low serum testosterone as measured on repeated occasions with a reliable assay on blood samples obtained in the morning, in the presence of unequivocal signs and (preferably spontaneously reported) symptoms of hypogonadism, after exclusion of reversible causes of hypogonadism and contra-indications for testosterone treatment [89, 95, 101] .
In summary, testosterone replacement therapy is indicated in well-established symptomatic hypogonadism independently of age, but although this treatment has beneficial effects on the maintenance of skeletal integrity, osteoporosis is neither a sufficient nor a specific indication for testosterone treatment.
Conclusions
Consensus views include the desirability of the use of a single reference population (the NHANES III, women aged 20-29 years), a single reference site (the femoral neck) and a single technology (DXA) for the diagnosis of osteoporosis in men.
Despite good evidence for sex-specific differences in the structural and material properties of bone, further research is necessary before this can be clinically applied to aid in fracture risk assessment.
The level of evidence that treatment decreases the risk of fracture in men is less than in women. The similarity between sexes in the effects on BMD and the few available data on fracture endpoints are consistent with the view that efficacy of intervention in men does not differ from that shown in women.
The strong association between falls and lower levels of performance with fracture risk in men suggests that they should be used in the assessment of fracture risk in men. An easy to perform validated measure of falls and of performance should be adopted and included in future trials and observational studies as reference standards. This is expected to aid in assessing their utility in targeting intervention.
Obese men are not protected from fracture. In the very obese, fracture risk appears to be increased when adjusted for BMD.
The genetic determinants of the variance in bone mass may not be identical in women and in men.
Decreasing levels of bio available oestrogens (non-sex hormone binding globulin [SHBG]-bound) levels with age contribute significantly to bone loss and fracture risk in men.
There is a limited place for testosterone in men with osteoporosis. Whereas testosterone replacement is indicated in symptomatic hypogonadism, osteoporosis should be treated with agents shown to decrease fracture risk whether or not patients are taking testosterone.
